We consider the production of right-handed (RH) sneutrino dark matter in a model of Dirac neutrino where neutrino Yukawa coupling constants are very small. Dark matter RH sneutrinos are produced by scatterings and decays of thermal particles in the early Universe without reaching thermal equilibrium due to the small Yukawa couplings. We show that not only decays of thermal particles but also the thermal scatterings can be a dominant source as well as non-thermal production in a scenario with light sneutrinos and charged sleptons while other supersymmetric particles are heavy. We also discuss the cosmological implications of this scenario.
I. INTRODUCTION
Many experiments have established that neutrinos have non-vanishing masses, while the standard model (SM) was constructed assuming massless neutrinos. One of the simplest extension of the standard model for having massive neutrinos is to introduce the right-handed (RH) neutrinos and their Yukawa couplings. In the see-saw mechanism [1] [2] [3] , heavy Majorana masses (≫ 100 GeV) of RH neutrinos are introduced and the light neutrino masses ( eV) are obtained by the mass hierarchy. However, even without the see-saw mechanism, the light neutrino mass can be obtained from the Dirac mass, as in the same way of quarks and leptons, if the neutrino Yukawa coupling constants are very small of O(10 −13 − 10 −12 ). After the electroweak symmetry breaking, the small Yukawa couplings give Dirac masses to the neutrinos.
In the theory of supersymmetry (SUSY), there exists the superpartner of the RH neutrinos, RH sneutrinos (Ñ ). Their masses come from the soft SUSY breaking and in many cases are of the order of the gravitino mass. Therefore, it is possible that the RH sneutrino is the lightest SUSY particle (LSP), stable due to the R-parity conservation and a good candidate for dark matter.
The possibility of the RH sneutrino as dark matter in the pure Dirac type neutrino and those productions through decays of various thermalized superparticles was pointed out by Asaka et al [4] . RH sneutrinos are not thermalized in the early Universe, because the interactions of RH sneutrinos are extremely weak. However, it has been shown that the right amount of dark matter can be produced in the parameter region where left-handed (LH) and RH sneutrinos are degenerate and sleptons are fairly light [4] . The dark matter abundance estimation was extended by including the non-thermal production of RH sneutrinos from decays of the next-to LSP (NLSP) after its freeze-out [5, 6] . Such a long-lived NLSP scenario is constrained by the big bang nucleosynthesis (BBN) [7] . Possible collider signatures for the stau NLSP have been investigated [8, 9] . For the long-lived stau NLSP case, the lower mass bound for the stau (slepton) is reported as 290 (380) GeV by the ATLAS [10] and 340 GeV by the CMS [11, 12] . However this is not applicable to our scenario which we will describe below.
In this article, we consider the production of RH sneutrinos by scatterings in the thermal plasma. Usually and in previous studies [4] [5] [6] , it has been considered that the scattering contribution is subdominant compared to the thermal production from decays or non-thermal production by decay of freeze out particles. However, we find that it can be comparable or even a dominant source, because there are huge number of scattering modes for the production of RH sneutrinos. Especially, such a dominant thermal production from scatterings realizes under the mass spectrum where the charged sleptons and sneutrinos are light and other SUSY particles are heavy, which is indicated by the observation of the SM-like Higgs boson with the mass of 125 GeV [13, 14] . In our analysis, for the illustration, we adopt the mass spectrum that one of the RH sneutrinos is the LSP, whose mass is close to those of the LH sneutrinos, LH charged sleptons and as light as around O(10 2 ) GeV and other SUSY particles are as heavy as about 1 − 5 TeVexcept one light Higgsino-like neutralino around 700 GeV.
We also consider the cosmological issues in this scenario. Since the LH sneutrinos are slightly heavier than RH sneutrinos, LH sneutrinos may decay relatively late around or after the BBN, in which case strong constraint can be imposed on the model. Heavier RH sneutrinos may decay in the present Universe to the lightest RH sneutrinos with possible observational signals in the cosmic ray observation.
II. MODEL
We consider the extension of the minimal supersymmetric standard model (MSSM) by adding three singlet superfields, ν c R , for RH neutrinos with a superpotential in the lepton and Higgs sector; (1) where
R is a RH charged lepton and µ in the third term is the SUSY invariant Higgsino mass. Here, we omitted the generation indices.
After the electroweak symmetry breaking, the neutrinos acquire masses with the small Yukawa couplings as
with the vacuum expectation value (VEV) of Higgs field H u = v 0 / √ 2 sin β, v 0 ≃ 246 GeV and tan β = H u / H d . In our evaluation of the RH sneutrino production, we take the temperature dependence of Higgs VEV into account, following Refs. [5] , as
with T c = 147 GeV according to the SM-like Higgs boson mass m h ≃ 126 GeV. For T > T c , the Higgs VEV vanishes.
The F-term potential includes
Soft SUSY breaking terms for leptons and Higgs fields are given by
The soft trilinear coupling A ν -term in Eq. (5) and the first term in Eq. (4) together generate mixing between LH and RH sneutrinos. The mixing angle Θ is given by
Here,ν andÑ denote the mass eigenstates of almost LH and RH sneutrinos, respectively. Due to small mixing of sneutrinos, in the most cases except e.g., the production in the early Universe as we will show, the LH and RH sneutrinos themselves can be practically regarded as their mass eigenstates with eigenvalues,
Interaction Coupling 
, and
where the second term in m 2 ν comes from the D-term contribution. In the followings, we use a dimensionless parameter a ν = A ν /mL to parameterize A ν .
The relevant interactions for the production of RH sneutrinos are the Yukawa interactions in Eq. (1), the corresponding trilinear couplings in Eq. (5), cross terms involving the µ-term in Eq. (4), and the resultant mixing between LH and RH in Eq. (6) . Even though these interactions are very weak, they are important and must be kept for the production of RH sneutrinos, since they are the dominant interactions of RH sneutrinos with the SM sector. In the case of degenerate masses between LH and RH sneutrinos, the mixing can be the dominant source among them. In Tab. I, we summarize the interactions of RH sneutrnios with other MSSM particles.
III. THERMAL AND NON-THERMAL PRODUCTION
Cosmic microwave background (CMB) anisotropy and the large scale structure formation requires that the relic density of dark matter at present is [15] Ω DM h 2 = 0.1188 ± 0.0010.
Dark matter should have been produced in the early Universe. The early Universe was dominated by hot thermal particles that maintains thermal equilibrium through interactions in the expanding Universe. However, the very weakly interacting particles cannot be in equilibrium in a Scattering Process Number of modes given Hubble time. The coupling of RH sneutrinos to the SM particles are very small, which is suppressed by the Yukawa coupling or by the mixing between LH and RH sneutrinos. Their interactions are not enough to make the RH sneutrinos in the thermal equilibrium. Instead, only small amount of RH sneutrinos are produced at low temperature during freeze-in from the thermal particles by scatterings or decays, which is the property of feebly interacting massive particles (FIMP).
For heavy RH sneutrinos with GeV mass, the small amount of RH sneutrinos of the number density around 10 −9 times of photon number density is enough to explain dark matter. The present relic density of non-relativistic RH sneutrinos dark matter with the mass mÑ can be expressed by ΩÑ h 2 ≃ 0.28
where the abundance yield Y is defined as YÑ ≡ nÑ /s with the number density nÑ , the entropy density s = (2π 2 /45)g s * T 3 and the relativistic degrees of freedom in the entropy density g s * .
There are two mechanisms for producing RH sneutrinos: thermal production (TP) and non-thermal production (NTP). TP includes the production via scatterings or decay processes of the particles in the thermal equilibrium. NTP is the production from particles that are already out of the thermal bath, typically by the late time decay of NLSPs after their freeze out.
A. Thermal production
The number density of RH sneutrinos from TP can be obtained by solving the Boltzmann equation with scattering and decay processes. Since the number density of the RH sneutrinos is well below the equilibrium value initially, which is well justified after inflation, we can ignore the inverse processes. Thus, we have
where H is the Hubble parameter and n i is the comoving number density of i-th particle. The first and the second term in the RHS are due to the two-body scatterings and the decay of i-th particle intoÑ and other species. Here ' · · · ' denotes the thermal average, σv rel is the product of the scattering cross section and the relative velocity, and Γ is the decay rate for a process presented in round brackets.
The solution for the Boltzmann equation Eq. (10) can be expressed in terms of the abundance of RH sneutrinos, which has two contributions from scattering and decay respectively, as
with
Here T 0 is the present temperature and T R is the reheating temperature after inflation. Especially for two-body scatterings, the abundance of dark matter from scattering is given by [16] 
where m 1 and m 2 are the masses of initial state particles, and T 0 = 0 is taken as usual. The scattering processes relevant in our scenario are listed in Tab. II. Here, we show processes dominant for the production of RH sneutrinos, which include the light initial particles such as LH and RH sneutrinos, the charged sleptons, as well as the number of scattering modes possible for each process in the right column. The number of modes include the crossing of the process, three generations, and supersymmetric counterparts. We note that there is another factor 2 from the processes of charge conjugate. The thermal production from decays, when the temperature of the early Universe was much higher than the decaying particles, can be well approximated by [16] 
with g i being the degrees of freedom in the rest frame and g = 135 √ 10/(2π 3 g 3/2 * ). The decay modes which produce RH sneutrinos are well summarized in Refs. [4, 5] . Note that the abundance from decay, Y decay , is proportional to Γ i /m 2 i in Eq. (15) . Therefore, for the decay whose rate is given as Γ i ∝ m i , the resultant abundance by those is suppressed for such heavy particles. This is the case for neutralinos and charginos in our scenario.
Since we consider the temperature dependence of Higgs VEV, the scattering or decay through mixing are suppressed at high temperature much larger than v c .
B. Non-thermal production and relic density
The NTP of RH sneutrino is obtained from the decay of LH sneutrino NLSPs. The number of produced RH sneutrino is the same as that of the original NLSP and thus we get
where Y N LSP = n N LSP /s is the abundance of the LH sneutrinos. In our scenario, the two-body decay rate forν →Ñ Z is given by
with a kinematic factor
for the processes x →Ñ y. If the two-body decay is kinematically not allowed, the three-body decay mediated by Z boson with the decay rate
dominates. Here, α em is the fine structure constant,
is an auxiliary function, and f denotes all kinematically allowed leptons and quarks. For 1 − x ≪1, the limit gives g(x) ≃ 64(1−x) 5 /5. For the degenerate case, the lifetime of a LH sneutrino from three-body decay is estimated as τν ≃ 10 3 sec 300 GeV mÑ
where δ = (mν − mÑ )/mÑ ≪ 1 is assumed. Due to the small Yukawa couplings and degenerate masses, LH sneutrinos would decay late in the Universe after BBN, which may disturb the abundance of the light elements or affect the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the sum of TP and NTP of bothÑ and its antiparticles,Ñ * ,
In comparison with the critical density, the relic density of RH sneutrinos is then given by
Then the abundance of DM is the sum of three generations of right-handed sneutrinos.
Note that the heavier RH sneutrinos may decay in the present Universe and give signatures in the indirect detection experiments [17] .
IV. PRODUCTION OF RIGHT HANDED SNEUTRINOS IN THE EARLY UNIVERSE
We consider that the LH sleptons and RH sneutrinos are light and degenerate with mass around 100 GeV and all other SUSY particles are heavy between 1 TeV and 5 TeV to be consistent with LHC bounds. We note, for information, the typical mass spectrum we use are as follows; the mass of the lightest neutralino is Higgsinolike with the mass about 700 GeV, those of squarks are about 2 TeV to be consistent with m h ≃ 126 GeV and the gluino mass is about 5 TeV. In this case, the thermal production from decay can be sub-dominant and the production from scatterings become dominant sources for producing RH sneutrinos.
In the previous studies, the scattering processes have been neglected since they are considered to be subdominant and cannot produce enough RH snuetrinos. It is true when we consider only single scattering mode. However as we can see in Tab. II we find that there are more than 300 scattering modes which can contribute to the production and the total contribution is not negligible anymore. In our calculation, the abundance is computed by using the code micrOMEGAs5.0 [18] .
In Fig. 1 , we show the relic density of RH sneutrinos vs LH sneutrino mass for mÑ = 300 GeV. In the left panel, we show the thermal production from both thermal scatterings and thermal decays for different trilinear couplings a ν = 1, 6, and 10 for comparison. In the right panel, the total relic density of RH sneutrinos (black line) and contributions from thermal scatterings (red line), thermal decays (blue line) and non-thermal production (purple line) are shown respectively. Here we take a ν = 6.
For a smaller LH sneutrino mass, mν 400 GeV, the thermal scatterings dominate the contribution to the relic density of RH sneutrinos. For 400 GeV mν 440 GeV, the TP from scatterings become subdominant and the NTP becomes dominant. For mν 440 GeV, TP from decays can be more important, since the 2-body decay of LH sneutrino to RH sneutrino and Z-boson, or that of charged slepton to RH sneutrino and W -boson opens.
V. COSMOLOGICAL AND ASTROPHYSICAL IMPLICATIONS A. Constraints from BBN
Due to the small mixing and degeneracy, a LH sneutrino decay to a RH sneutrino after BBN, around 1 sec to 10 10 sec as in Eq. (21) . The decay products of LH sneutrinos contains the electromagnetic and/or hadronic particles, and they can change the abundance of light elements or affect the distribution of CMB. To avoid these problems, the abundance of LH sneutrinos are constrained depending on its lifetime. According to Ref. [19] [20] [21] , the product of visible energy produced from decay and the abundance is constrained by
for τ = 10 3 sec −10 10 sec. Considering E vis ≃ (m 2 ν − m 2Ñ )/2mν ≃ 10 GeV, the abundance is constrained by Yν 10 −14 − 10 −15 . In Fig. 2 , we show the constraint from BBN on E vis Yν for different lifetime (gray region is disallowed) and the prediction in our model for a ν = 1, 6, 10 (blue, red, brown lines respectively). We find that for a ν = 1, it is almost disfavored. For a ν = 6, two-body decay may avoid the BBN constraint. For a ν = 10, two-body decay and also small region of three-body decay might be available where the lifetime is short enough as τ 100 sec. In the right panel, we show the same figure but with the horizontal axis with the mass of LH sneutrino. We can explicitly find that the BBN constraint can be avoided for mν 370 GeV where 2-body decays open.
The heavier RH neutrinos may decay at present Universe with the lifetime around 10 30 sec with charged lepton pairs. This may be detected in the cosmic rays searches [5] .
B. Constraints from collider experiments
We have considered cases of the mass spectrum with RH sneutrino LSP, LH sneutrino NLSP, and LH charged sleptons next-to-NLSP. Masses of those three kinds of particles are about a few hundreds GeV while the most of other particles are heavier than 1 TeV. Here, we examine the constraints from collider experiments, principally the LHC. With above mass spectrum, we may observe the decay of a LH slepton to a LH sneutrino and W ± * but not decay of LH sneutrino to RH sneutrino with the long lifetime as we have discussed above. Then, the signal is very soft jet or lepton from W ± * with a large missing transverse momentum. LH slepton pair production in our model gives a signal ℓ + ℓ − + missing transverse momentum throughl +l− → W + * W − * νν * → ℓ + ℓ − νννν * . This is same as one of signals of chargino pair productionχ
1 in the MSSM with neutralino LSP. The weak bound for charged Higgsino mass as 145 GeV has been derived by ATLAS [22] . Hence, the mass region 150 GeV presented above is so far consistent with the LHC bounds.
VI. CONCLUSION
We have investigated the production of RH sneutrino dark matter in a pure Dirac neutrino model by scatterings and decays in the thermal plasma. The main finding is that the scattering processes in thermal bath, which have been overlooked in previous studies, can be the leading processes in many cases.
Motivated by null results of SUSY searches and the observed SM-like Higgs boson mass at the LHC, we have considered the mass spectrum that only LH and RH sneutrinos, and LH charged sleptons are as light as O(100) GeV and other particle masses are a few TeV. In this case, the production of RH sneutrinos are dominant or comparable to the production by thermal decays or nonthermal production. For successful BBN, the lifetime of LH sneutrinos need to be smaller than around 100 sec.
